This review focuses on the striking differences in the patterns of transcription and translation in somatic and spermatogenic cells in mammals. In early haploid cells, mRNA translation evidently functions to restrict the synthesis of certain proteins, notably protamines, to transcriptionally inert late haploid cells. However, this does not explain why a substantial proportion of virtually all mRNA species are sequestered in translationally inactive free-messenger ribonucleoprotein particles (free-mRNPs) in meiotic cells, since most mRNAs undergo little or no increase in translational activity in transcriptionally active early haploid cells. In addition, most mRNAs in meiotic cells appear to be overexpressed because they are never fully loaded on polysomes and the levels of the corresponding protein are often much lower than the mRNA and are sometimes undetectable. A large number of genes are expressed at grossly higher levels in meiotic and/or early haploid spermatogenic cells than in somatic cells, yet they too are translated inef®ciently. Many genes utilize alternative promoters in somatic and spermatogenic cells. Some of the resulting spermatogenic cell-altered transcripts (SCATs) encode proteins with novel functions, while others contain features in their 5 H -UTRs, secondary structure or upstream reading frames, that are predicted to inhibit translation. This review proposes that the transcriptional machinery is modi®ed to provide access to speci®c DNA sequences during meiosis, which leads to mRNA overexpression and creates a need for translational ®ne-tuning to prevent deleterious consequences of overproducing proteins. q
Introduction
A remarkable feature of mammalian spermatogenesis is that many genes exhibit conspicuously different patterns of expression in somatic and spermatogenic cells. A large number of mRNAs in spermatogenic cells differ in size and structure from transcripts of the same genes in somatic cells by usage of spermatogenic cell-speci®c (SCS) transcription start sites, alternative splicing and upstream polyadenylation sites, referred to here as spermatogenic cellaltered transcripts (SCATs). Some SCATs encode severely truncated proteins that cannot perform the same functions as the proteins encoded by the transcripts of the same genes in somatic cells. Another group of mRNAs is grossly overexpressed relative to the levels of the transcripts of the same genes in somatic cells and to the levels of the proteins they encode. In addition, virtually all mRNA species in meiotic and haploid cells are at least partially translationally repressed (Kleene, 1996) . However, the function of inef®-cient translation in meiotic cells is puzzling because the vast majority of these mRNAs continue to be translated inef®-ciently in early haploid cells (Kleene, 1996; discussed below) .
The signi®cance of the curious features of gene expression in spermatogenic cells is controversial. Some workers believe that these features have special functions in meiosis and the differentiation of spermatozoa Hecht, 1998; Walker et al., 1999) , while others, notably Ivell (1992) suggest that they are a symptom of leaky, inappropriate or promiscuous transcription (Davies and Willison, 1993; Ewulou and Schimenti, 1997; Kleene et al., 1998; Schmidt, 1996) . A number of excellent reviews of various aspects of gene expression in spermatogenesis have been published recently Braun, 2000; Hecht, 1998; Hochstenbach and Hackstein, 2000; Venables and Epheron, 1999; Walker et al., 1999;  many others are cited below). This review describes the atypical patterns of gene expression in spermatogenic cells with the aim of understanding their function.
The patterns of gene expression in spermatogenic cells

Testicular cell types and types of SCS mRNAs
Male gametes, spermatozoa, are produced by a process of cellular differentiation and proliferation known as spermatogenesis. Spermatogenesis begins with mitotically dividing diploid cells, spermatogonia, which withdraw from the cell cycle and enter meiosis becoming spermatocytes. The haploid cells produced by the meiotic divisions are known as spermatids. During the haploid differentiation phase, spermiogenesis, spermatids develop unique specializations of the¯agellum, the nucleus, the Golgi apparatus and the mitochondria (Russell et al., 1990) . Spermiogenesis is divided into 16 steps in mice and 19 steps in rats based partially on morphological features of the nucleus and acrosome, an SCS secretory organelle derived from the Golgi apparatus (Russell et al., 1990) . Cells in steps 1±8, round spermatids, have round transcriptionally active nuclei, whereas cells in steps 9±11, elongating spermatids, undergo nuclear elongation and progressive transcriptional inactivation (Kierszenbaum and Tres, 1975) . Transcriptional activity is not detectable by electron microscopic visualization of transcription in elongated spermatids in mice (steps 12±16), a very sensitive procedure (Kierszenbaum and Tres, 1975) . Spermiogenesis ends with the elimination of the cytoplasm as a residual body and the release of spermatozoa into the lumen of the seminiferous tubule.
The testis also has several somatic cell types. The development of male germ cells is intimately associated with Sertoli cells, which form the basal membrane of the seminiferous tubules. Several interstitial cell types, including Leydig cells (which produce testosterone) lie between the tubules (Russell et al., 1990) .
The differentiation of spermatozoa involves profound changes in the structure of organelles and the synthesis of many SCS proteins. Some of the genes encoding SCS proteins are not homologous to any genes that are expressed in somatic cells. For example, the transition proteins and protamines, a family of highly basic chromosomal structural proteins that sequentially replace the histones during elongating and elongated spermatids, convert chromatin from a nucleosomal organization to smooth ®brils (Meistrich, 1989) . The sperm mitochondria-associated cysteine-rich protein is a cysteine-and proline-rich protein found in the keratinous outer membranes of mitochondria, which are wrapped tightly around the anterior portion of the¯agellum (Cataldo et al., 1996) .
Another group of genes encodes SCS isoforms of enzymes such as lactate dehydrogenase C (LDH-C), cytochrome c t and phosphoglycerate kinase 2, which are paralogs of genes that are expressed in somatic cells, lactate dehydrogenases A and B, cytochrome c s and phosphoglycerate kinase 1 (reviewed by Eddy and O'Brien, 1998) . Proacrosin, an atypical member of the serine protease family, is one of a set of acrosomal hydrolytic enzymes that facilitate the penetration of the egg-membranes during fertilization (Klemm et al., 1991) .
The different patterns of expression of genes in somatic and spermatogenic cells provide striking evidence of atypical patterns of gene expression in spermatogenic cells. However, the patterns of transcription and translation of SCATs and the transcripts of genes encoding SCS proteins and isoforms are similar.
Patterns of translational activity in spermatogenic cells
The translational activity of ,60 mRNA species expressed in the testes of normal and transgenic rodents has been analyzed by sedimenting cytoplasmic extracts of total testis and puri®ed spermatogenic cells on sucrose gradients and determining mRNA levels in gradient fractions with Northern blots or Slot blots (Cataldo, 1999; Kleene, 1996) . This technique provides valuable information on the proportions of translationally active polysomal mRNAs and inactive free-messenger ribonucleoprotein particles (free-mRNPs), a parameter referred to as polysomal loading. Sucrose gradients can also be used to determine the ribosome spacing, which is calculated by dividing the number of bases in the coding region by number of ribosomes in the peak polysome fractions. The ribosome spacing indicates the relative rates of translational initiation and elongation of translationally active mRNAs (Spirin and Ryazanov, 1992) . Unfortunately, some sucrose gradient analyses of testicular mRNAs give misleading indications of polysome loading, apparently caused by unequal recovery of mRNAs from the gradient fractions (Cataldo, 1999) , or cellular damage during cell puri®cation. In addition, the vast majority of published sucrose gradient analyses lack absorbance tracings, which reveal much about the physiological state of the cells used to prepare the extracts and the techniques used to prepare and fractionate the gradients.
The translational activities of testicular mRNAs exhibit three distinct patterns depending on whether the mRNAs are expressed in somatic cells and/or spermatogonia, pachytene spermatocytes and round spermatids or round spermatids and elongated spermatids.
Translational activity in spermatogonia and testicular somatic cells
The patterns of translational activity in testicular somatic cells and spermatogonia appear to be typical of somatic cells. Of ,10 mRNA species that are expressed in spermatogonia and testicular somatic cells, all exhibit the high polysomal loading (.85%) characteristic of ef®ciently translated mRNAs (Cataldo et al., 1999; Kleene, 1996) . The ef®cient translation of mRNAs in somatic cells and spermatogonia contrasts with reduced polysomal loading of virtually all species in meiotic and haploid spermatogenic cells. The difference in translational ef®ciency in somatic and spermatogenic cells is emphasized by the observation that two species that were initially thought to be translated ef®ciently in spermatogenic cells, the 5.2 kB transcript of DNA methyl transferase and glyceraldehyde-3-phosphate dehydrogenase, were later shown to be present in somatic cells (Mertineit et al., 1998; Schmidt et al., 1999; Trasler et al., 1992) .
Translational activity in round and elongated spermatids
Translational activity in spermatids is strongly in¯uenced by the transcriptional inactivity resulting from changes in chromatin structure. Sucrose gradient analyses show that ®ve mRNA species including protamine and transition protein mRNAs are stored as translationally repressed free-mRNPs in round spermatids and actively translated on polysomes in elongated spermatids (Kleene, 1989) . Detection of the angiotensin converting enzyme (ACE), the SCS truncated c-kit, diazepam binding inhibitor, Hsc70t, Cd±Zn superoxide disumutase, the hexokinase I encoded by the`sc' SCAT, TCP-11, glyceraldehyde-3-phosphate dehydrogenase-S, endozepine-like peptide and 27 and 84 kDa outer dense ®ber proteins in elongating or elongated spermatids by immunohistochemistry lags behind detection of the mRNA in round spermatids by in situ hybridization (Housseini et al., 1994; Langford et al., 1993; Gu et al., 1995b; Albanesi et al., 1996; Bunch et al., 1998; Kolmer et al., 1997; Mori et al., 1998; Travis et al., 1998; Tsunekawa et al., 1999; Pusch et al., 2000) . The lag suggests that translation of these mRNAs is developmentally delayed, but this inference would be strengthened by sucrose gradient analyses demonstrating that the mRNAs are stored as freemRNPs in round spermatids and translated actively in elongated spermatids. The necessity of delaying translation is indicated by ®ndings that premature translation of protamine 1 mRNA in transgenic mice arrests spermiogenesis in round spermatids, presumably by disrupting the structure of chromatin . The transcription and storage of mRNAs in free-mRNPs in round spermatids and the activation of translation in elongated spermatids make excellent biological sense as a mechanism of restricting the synthesis of certain proteins to elongated spermatids, which are incapable of synthesizing new mRNAs.
Translational activity in pachytene spermatocytes and round spermatids
The patterns of translation in pachytene spermatocytes and/or round spermatids differ from the patterns in round spermatids and elongated spermatids because the vast majority of mRNAs do not undergo changes in polysome loading during development. Sucrose gradient analyses indicate that 14 of 15 mRNAs species, including the LDH-C, cytochrome c t and proacrosin mRNAs, have very similar polysomal loading in pachytene spermatocytes and round spermatids (Kleene, 1996) , and one of these species, the rat hemiferrin mRNA, exhibits low polysomal loading in pachytene spermatocytes, round spermatids and elongated spermatids (Stallard et al., 1991) . In addition, a series of chimeric mRNAs, containing 3 H -UTRs derived from mRNAs that are not normally expressed in testis, exhibit elevated levels of free-mRNPs in round spermatids in transgenic mice (Schmidt et al., 1999) . Quantitative sucrose gradient analyses show that the polysome loading of individual mRNA species in total testis varies greatly, from ,6± 10% for the proacrosin and Y-box protein 1 mRNAs to 60± 70% for phospholipid hydroperoxide glutathione peroxidase (PHGPx), LDH-C, pyruvate dehydrogenase E1a2 and histone H1t mRNAs (Cataldo et al., 1999; Kleene, unpublished) .
The phosphoglycerate kinase 2 (Pgk-2) mRNA is the only one of these 15 species that has been shown to be sequestered exclusively as free-mRNPs in pachytene spermatocytes, and following a six-fold increase in mRNA levels, ,30% is loaded on polysomes in round spermatids (Gold et al., 1983; Cataldo et al., 1999; Cataldo and Kleene, unpublished) . The Pgk-2 mRNA suggests that translation of other mRNAs is developmentally regulated at this stage. Some likely candidates include the SCS cyclic-AMP response element modulator (CREMt), Tenr and Spnr mRNAs, which are detected at high levels much earlier than their proteins, mid-pachytene spermatocytes vs round spermatids (Delmas et al., 1993; Schumacher et al., 1995a,b) . The predicted changes in the rate of translational initiation of these mRNAs should also be con®rmed by sucrose gradient analysis.
Another group of mRNAs is detected at essentially the same time as their proteins in pachytene spermatocytes and round spermatids. The guinea pig autoantigen 1, metallothionein I and cytochrome c t mRNAs and proteins are detected coincidentally, implying that translation begins immediately (De et al., 1991; Foster and Gerton, 1996; Hess et al., 1993; Meistrich, 1989; Morales et al., 1993) . Similarly, histone H1t is expressed at low levels in spermatogonia and leptotene/zygotene spermatocytes and the levels of both the protein and mRNA increase dramatically in mid-pachytene spermatocytes (Kremer and Kistler, 1991; Drabent et al., 1998) . In contrast, thecin, LDH-C and heat shock protein 70.2 are detected slightly later than their mRNAs, implying that translation begins after a short lag Jen et al., 1990; Rosario et al., 1992; Thomas et al., 1990) . It is unclear whether the lag in initial detection of these proteins is due to differences in the signalto-noise ratio in the detection of the mRNA and protein, or delays in the start of translation. Detecting a protein when its mRNA begins to be translated may be dif®cult if the protein accumulates slowly due to low mRNA levels and very inef®cient translation.
A major weakness of the contention that the majority of mRNAs in pachytene spermatocytes and round spermatids exhibit little or no difference in polysomal loading is that cells cannot be puri®ed in narrow developmental windows. Puri®ed populations of middle and late pachytene spermatocytes and round spermatids contain mixtures of cells that differ by up to a week in developmental age (Meistrich et al., 1973; Russell et al., 1990) . Thus, it is impossible to measure the polysome loading of spermatids in single steps of spermiogenesis. Nevertheless, dramatic changes in translational activity should be detectable by immunohistochemical studies of protein levels. The absence of abrupt changes in the levels of LDH-C, intraacrosomal protein SP-10, cytochrome c t , cytoplasmic poly(A) binding protein 1 and Y-box protein 2 argues against transitory bursts of translational activity (Gu et al., 1995a; Hess et al., 1993; Jen et al., 1990; Kurth et al., 1991; Oko et al., 1996) . In addition, the paucity of polysomal hemiferrin mRNA in pachytene spermatocytes, round spermatids and elongated spermatids implies that this mRNA is never translated ef®ciently (Stallard et al., 1991) . These observations suggest that mRNAs in pachytene spermatocytes and round spermatids are partially translationally repressed during their entire lifetime, indicating that the mRNA levels exceed that which is translated.
This section argues that the patterns and functions of repressing translation in spermatogenic cells depend on whether or not the mRNAs are expressed in elongated spermatids. Many mRNAs are transcribed and translationally repressed in round spermatids and actively translated in elongated spermatids, presumably to direct the synthesis of proteins to a transcriptionally inactive cell type. The function of the low polysomal loading in pachytene spermatocytes must be different because round spermatids are transcriptionally active and few mRNAs undergo developmental changes in translational activity.
mRNA overexpression in spermatogenic cells
A clue to the function of translational regulation in pachytene spermatocytes and round spermatids is that virtually all mRNAs appear to be overexpressed. Overexpression is used here to generally describe the partial sequestration of mRNAs in free-mRNPs for the entire lifetime of the mRNA, which implies that the levels of mRNA exceed those that are translated into protein. In many cases, the levels of proteins are known, or predicted, to be low relative to mRNA levels. Another important piece of evidence is that a subset of inef®ciently translated mRNA species is also expressed at much higher levels in spermatogenic cells than in somatic cells.
Comparison of the levels of mRNAs and proteins that are not expressed in elongated spermatids is facilitated by the fact that translation of relatively few mRNAs is developmentally regulated implying that low levels of protein and polysomal mRNA are not a consequence of a short period of translational activity. The levels of mouse cytoplasmic poly(A) binding protein 1, arylsulfatase A and carbonic anhydrase II SCATs are grossly overexpressed in pachytene spermatocytes and round spermatids compared with the levels of the same mRNAs in somatic tissues, but the mRNAs exhibit low polysome loading in testis and the protein levels are similar to those in somatic cells (Cataldo, 1999; Gu et al., 1995a; Kleene et al., 1994; Kreysing et al., 1994a,b; Mezquita et al., 1999) . The rat translation initiation factor eIF-4E and its mRNA are 10-and 50-fold more abundant, respectively, in round spermatids than in somatic tissues (Miyagi et al., 1995) . Despite the fact that the levels of Hoxa-4 homeobox and t-OPA mRNAs are much higher in spermatogenic cells than in somatic cells, the protein levels are predicted to be low because virtually none of both mRNAs is associated with polysomes in total testis (Persengiev and Kilpatrick, 1997; Viviano et al., 1993) .
Another group of mRNAs is expressed at similar levels in spermatogenic and somatic cells, but the mRNAs appear to be overexpressed because the protein levels are much lower in spermatogenic cells. In fact, the proteins encoded by the guanine nucleotide-binding protein G i21 a/G i22 a, the histocompatibility A locus class I, the mouse lactate dehydrogenase A SCAT, 6.0 kB DNA methyltransferase I SCAT and the mouse Ma4 L tubulin SCAT are undetectable in meiotic and/or haploid spermatogenic cells (Brock, 1977; Gu et al., 1988; Besset et al., 1998; Guillaudeux et al., 1996; Mertineit et al., 1998; Paulssen et al., 1991; Trasler et al., 1992) . Similarly, a negligible proportion of the 1.7 kb cytochrome c s SCAT is present on polysomes in round spermatids (Hake et al., 1990) . The rat proenkephalin SCAT is expressed at similar levels in pachytene spermatocytes, round spermatids and brain, but the mRNA is translated very inef®ciently and the protein is 25-fold less abundant in testis than in brain (Kew et al., 1989) . The observation that the levels of Tctex-1 mRNA are eight-fold higher in developing male germ cells in t x /t y heterozygotes than in wild type mice, but the levels of the TCTEX-1 protein are the same in both strains, implies that mechanisms exist to compensate for mRNA levels (O'Neill and Artzt, 1995) .
The mouse hexokinase I and TATA-binding protein (Tbp) genes illustrate that the expression of multiple transcripts of a single gene can differ signi®cantly. The hexokinase I gene initiates transcription from three SCS transcription start sites (sa, sb and sc) in mouse testis (Mori et al., 1993 (Mori et al., , 1998 . The hexokinase I sc SCAT is expressed in round spermatids and the corresponding SCS isoform is detected in elongated spermatids (Mori et al., 1998; Travis et al., 1998) . In contrast, the sa SCAT is expressed in meiotic and haploid cells (Mori et al., 1993) and the proteins encoded by the sa and sb transcripts are not detectable (Travis et al., 1998) . The Tbp mRNA is ,34±285 more abundant in total testis than in somatic tissues in mice (Persengiev and Kilpatrick, 1997; Schmidt and Schibler, 1995) . The difference between the levels of Tbp mRNA in round spermatids and somatic tissues is even greater because the highest levels of protein and mRNA are present at this stage . As is typical, the Tbp mRNA is translated inef®ciently and the protein levels are elevated much less than the mRNA, although there is considerable disagreement as to the relative mRNA and protein levels in somatic and spermatogenic cells (Persengiev and Kilpatrick, 1997; Perletti et al., 1999; Schmidt and Schibler, 1995, 1997) . The Tbp gene initiates transcription at ®ve different start sites in testis producing ®ve transcripts whose polysome loading varies from 10 to 60% . The overexpression of TATA-binding protein (TBP) is puzzling because spermatogenic cells exhibit an overwhelming preference for TATA-independent promoters (discussed below).
Some mRNAs and proteins are expressed at high levels in pachytene spermatocytes and round spermatids, consistent with the expectation that abundant mRNAs encode abundant proteins. The 14-3-3 theta, Prbp, Spnr and Phgpx mRNAs all belong to this group Perego and Berruti, 1997; Pushpa-Rekha et al., 1995; Roveri et al., 1994; Schumacher et al., 1995b) . Signi®cantly, the polysome loading of the mouse Phgpx mRNA in total testis (,63%) does not exceed that of other mRNAs (Kleene, unpublished; Cataldo et al., 1999) , even though the levels of the immunologically detectable selenoprotein are 16±96-fold higher in testis than in somatic tissues in rats (Roveri et al., 1994) . Furthermore, the developmental changes in the levels of mouse Phgpx mRNA detected by in situ hydridization parallel the changes in the rate of incorporation of [
75 Se] into rat PHGPx (Calvin et al., 1987; Nam et al., 1998a) , suggesting that the synthesis of PHGPx is regulated primarily by mRNA levels. Thus, the Phgpx mRNA appears to conform to the rule that all mRNAs are at least partially translationally repressed in pachytene spermatocytes and round spermatids, even though PHGPx is grossly overexpressed. mRNAs that are expressed in elongated spermatids belong to a separate category because many mRNAs appear to be stored in free-mRNPs in round spermatids and mobilized onto polysomes in elongated spermatids. Consequently, low levels of a protein relative to its mRNA may be a consequence of a brief period of translation. The pronounced difference in the length of the poly(A) tracts on translationally active (30±150 bases) and inactive protamine 1 and 2 and transition protein 1 mRNAs (150 bases) (Kleene, 1989 (Kleene, , 1993 has been used to indirectly examine polysomal loading in microdissected seminiferous tubules, a technique that permits analysis of spermatids in a single step of spermiogenesis (Mali et al., 1989) . The protamine 1 and 2 and transition protein 1 mRNAs are stored in inactive free-mRNPs in round and early elongating spermatids and translation is progressively activated in elongated spermatids (Kleene, 1996) . Essentially all protamine 1 and 2 mRNAs have shortened poly(A) tracts in steps 16±17 spermatids in the rat suggesting that they are fully translationally active at this stage (Mali et al., 1989) . In fact, protamine mRNAs are the only species that appear to be fully loaded on polysomes in meiotic and haploid spermatogenic cells. In contrast, the transition protein 1 mRNA does not appear to become fully active because ,50% of the mRNAs have shortened poly(A) tracts in step 15, the ®nal step that this mRNA is present in rats (Mali et al., 1989) . The hemiferrin mRNA, which is expressed only in testis, appears to be overexpressed because it is primarily associated with freemRNPs in pachytene spermatocytes, round spermatids and elongated spermatids (Stallard et al., 1991) . The Y-box protein 1 mRNA, which is expressed at similar levels in pachytene spermatocytes, round spermatids and elongated spermatids, appears to be overexpressed because an extremely small proportion (,6%) is associated with polysomes in total testis (Cataldo, 1999; Mastrangelo and Kleene, 2000; Tafuri et al., 1993) . The observation that the levels of Y-box protein 2 and 3 mRNAs are similar in round and elongated spermatids, while the levels of both proteins decrease sharply in elongated spermatids suggests either that these mRNAs are translated inef®ciently or that the proteins are unstable Davies et al., 2000; Gu et al., 1998; Mastrangelo and Kleene, 2000) . Thus, at least some mRNA species appear to be overexpressed in elongated spermatids.
It should be emphasized that the levels of proteins in spermatogenic cells may be reduced by rapid degradation as well as inef®cient translation. The relative importance of translation ef®ciency and degradation have not been measured for any testicular protein. Moreover, the expression of an mRNA at much higher levels than its protein does not mean that the mRNA is overexpressed because the functions of certain proteins may require rapid turnover. Nevertheless, the high levels of free-mRNPs argue strongly that mRNAs are overexpressed in pachytene spermatocytes and round spermatids because they avoid uncertainties about protein turnover.
The overexpression of many mRNAs in pachytene spermatocytes and round spermatids suggests that inef®cient translation is a mechanism of preventing protein overproduction. Overexpression of translation factor eIF-4E, protooncogenes, 65-kDa regulatory subunit of protein phosphatase 2A, Cu/Zn superoxide dismutase, cytoplasmic poly(A) binding protein and many other proteins causes deleterious phenotypes (Avraham et al., 1991; LazarisKaratzas et al., 1990; Wera et al., 1995; Wormington et al., 1996) . Inef®cient translation as a mechanism of preventing protein overexpression is a well-accepted function of translational control (Mathews et al., 1996) , although it is usually assumed to apply to a small proportion of mRNAs in somatic mammalian cells. The ®nal section of this review argues that mRNA overexpression is a consequence of changes in the transcriptional machinery in meiotic and haploid cells.
Translational ®ne-tuning may also facilitate the intricate differentiation of spermatozoa because the rate of protein synthesis can be adjusted more rapidly at the translational level than at the transcriptional level (Mathews et al., 1996) . The observation that targeted deletion of the mouse transi-tion protein 1 gene augments the accumulation of transition protein 2 may be evidence of ®ne tuning protein synthesis in chromatin remodelling in elongated spermatids (Yu et al., 2000) . This is reasonable considering that elongated spermatids are incapable of adjusting protein levels at the transcriptional level.
It would be interesting to learn whether translational ®ne-tuning is utilized in spermatogenic cells in invertebrates. For example, translational repression in Drosophila spermatocytes restricts the synthesis of certain proteins to spermatids, which exhibit very little transcription (Schafer et al., 1990; Yang et al., 1995b) . Do all mRNAs in Drosophila spermatocytes exhibit high levels of free mRNPs or just those mRNAs that are repressed in spermatocytes and translated in spermatids?
Y-box proteins, transcriptional activators and translational repressors
The expression of Y-box proteins at high levels in pachytene spermatocytes and round spermatids correlates with the high levels of free-mRNPs. Y-box proteins are characterized by a highly conserved cold-shock domain and a carboxy terminus domain consisting of clusters rich in basic and aromatic amino acids alternating with clusters rich in acidic amino acids (reviewed in Evdokimova and Ovchinnikov, 1999; Sommerville, 1999) . mRNAs encoding ®ve isoforms of Y-box proteins are expressed at high levels in spermatogenic cells in mice including Y-box protein 1 and two isoforms of Y-box proteins 2 and 3 generated by alternative splicing (Davies et al., 2000; Gu et al., 1998; Mastrangelo and Kleene, 2000; Tafuri et al., 1993) . [Y-box protein 4 and the long isoform of Y-box protein 3 (3L) appear to the same protein (Davies et al., 2000; Mastrangelo and Kleene, 2000) .] Y-box protein 1 and 3 mRNAs are expressed at lower levels in somatic cells and pre-pubertal testes, while Y-box protein 2 is expressed speci®cally in oocytes and spermatogenic cells.
Y-box proteins function as transcriptional and translational activators, and repressors. However, Y-box proteins have well-documented activities as non-speci®c translational repressors in Xenopus oocytes and mammalian and somatic cells at high protein to mRNA ratios. Y-box proteins are hypothesized to be the primary cause of the widespread translational repression in spermatogenic cells because Y-box proteins 2 and 3 are exclusively, or primarily, associated with translationally inactive free-mRNPs in sucrose gradient analyses of total testis (Davies et al., 2000; Herbert and Hecht, 1999; Kwon et al., 1993; Tafuri et al., 1993) . The levels of Y-box proteins 2 and 3 begin to increase in early and middle pachytene spermatocytes, respectively, and are expressed at maximal levels in late pachytene spermatocytes and round spermatids, the same period as the high levels of free-mRNPs. The levels of Ybox proteins 2 and 3 decline subsequently to undetectable levels in elongated spermatids, correlating with the activation of translation of many, but not all, mRNAs (Davies et al., 2000; Oko et al., 1996) . The ®nding that a large number of chimeric transcripts are translationally repressed in round spermatids in transgenic mice was interpreted as evidence that Y-box proteins establish a default pathway that partially inhibits translation of all mRNAs (Schmidt et al., 1999) .
The conventional view of Y-box proteins as non-speci®c translational repressors does not account for the large differences in polysome loading of various mRNA species in pachytene spermatocytes and round spermatids (Kleene, 1996) . However, Xenopus Y-box protein 2 can function both as a sequence-speci®c and a non-speci®c translational repressor . Signi®cantly, a complex of Y-box proteins 2 and 3L binds to a sequence element in the mouse protamine 1 3
H -UTR that is necessary for repressing translation in round spermatids in transgenic mice (Fajardo et al., 1997; Davies et al., 2000) . Variations in the extent of translational repression of individual mRNA species could be mediated by interactions between the sequence-speci®c and sequence-non-speci®c activitites of the ®ve isoforms of Y-box proteins and interactions with other RNA-binding proteins and other mechanisms of translational control. However, the high levels of Y-box proteins in both pachytene spermatocytes and round spermatids do not explain the repression of the phosphoglycerate kinase 2 mRNA translation in pachytene spermatocytes and its active translation in round spermatids. Another major gap is that mechanisms of widespread translational repression in somatic cells, such as competition for translation initiation factor eIF-4E or phosphorylation of eIF-2 (Mathews et al., 1996) , have not been investigated.
It is also relevant that gel-mobility supershift assays have implicated Y-box protein 2 in the transcriptional activation of the protamine 2 and cytochrome c t genes (Nikolajczyk et al., 1992; Yiu et al., 1997) . By combining activities as transcriptional activators and translational repressors, Y-box proteins could play a role in creating, as well as in mitigating, the deleterious consequences of mRNA overexpression.
Patterns of transcription in spermatogenic cells
Many genes initiate transcription in spermatogenic cells at sites that are upstream or downstream of the sites in somatic cells. SCS promoters usually exhibit at least one of the following features. First, most genes that are transcribed speci®cally in spermatogenic cells use TATA-independent promoters characteristic of house keeping genes: SMCP, intraacrosomal protein SP-10, LDH-C, cytochrome c t , phosphoglycerate kinase 2, pyruvate dehydrogenase E1a2 (Bonny and Goldberg, 1995; Ianello et al., 1997; Karimpour et al., 1992; Reddi et al., 1999; Yiu et al., 1994) . The preference for TATA-independent promoters in spermatogenic cells is further indicated by the observation that the proenkephalin, Cu±Zn superoxide dismutase, farnesyl pyrophosphate synthetase, metallothionein and Pabp1 genes are transcribed from TATA-dependent promo-ters in somatic cells and TATA-independent promoters in spermatogenic cells (Garrity and Wold, 1990; Gu et al., 1995b; Kilpatrick et al., 1990; Teruya et al., 1990; Kleene and Tagne, unpublished) . In addition, a series of herpes simplex virus thymidine kinase transgenes bearing promoters from a variety of sources are all ectopically expressed in testis under the control of a cryptic TATA-independent promoter in the coding region (al-Shawi et al., 1991) . The four members of the transition protein±protamine gene family are some of the small number of genes that utilize TATA-dependent promoters in meiotic and haploid spermatogenic cells and references therein). Second, transgenic experiments consistently reveal that short segments of 5
H¯a nking DNA are suf®cient for SCS expression, 91±294 bp (Hecht, 1998; Reddi et al., 1999 and references therein). Third, the mouse hexokinase I, TBP, seminal vesical protein 1-/-2/-3 and vasopressin genes are transcribed from single transcription start sites in somatic cells and from multiple start sites separated by hundreds to thousands of bases in spermatogenic cells (Fautsch et al., 1997; Foo et al., 1991; Mori et al., 1998; . The majority of bovine protamine 2 mRNAs in round spermatids are transcribed from a single transcription start site while a small proportion is transcribed from a second start site .
What proportion of genes are transcribed from alternative promoters in spermatogenic cells? Relatively few genes are presently known to use the same start site in somatic and spermatogenic cells, e.g. l-isoaspartyl methyltransferase and nuclear poly(A) binding protein (Galus et al., 1994; Lee et al., 1998) . However, the large number of genes that utilize different start sites in somatic and spermatogenic cells are potentially misleading because investigators have preferentially analyzed transcripts that display an obvious size difference between somatic and spermatogenic cells in Northern blots expecting to ®nd an`interesting' difference. Consequently, the question has not been answered whether many genes utilize alternative start sites in somatic and spermatogenic cells that are too subtle to detect in Northern blots.
SCS promoters have several effects on gene expression. Some SCS promoters alter the structure of the 5 H -UTR and the coding regions, thereby altering the ef®ciency of translation and/or the structure of the encoded protein (discussed below). SCS promoters can also alter transcriptional control pathways, as demonstrated by the observation that the TATA-dependent promoter of the metallothionein I gene is inducible by cadmium in somatic cells, but the TATAindependent promoter is uninducible in spermatogenic cells (Garrity and Wold, 1990) . SCS promoters are likely to be involved in the overexpression of the mRNAs as discussed above, but the importance of increased transcription and stability on mRNA levels has not been analyzed.
Quantitative and qualitative transcriptional promiscuity
The literature also contains much information that transcription in spermatogenic cells is a non-speci®c process, sometimes referred to as leaky or promiscuous. However, various authors have used transcriptional promiscuity with at least six different meanings: (1) overexpression of mRNAs; (2) a large number of active genes; (3) a large of number of genes with multiple transcription start sites; (4) inappropriate transcription of non-coding sequences such as pseudogenes, antisense strands or satellites; (5) inappropriate expression of dysfunctional mRNAs or mRNAs encoding proteins that have no function in spermatogenic cells; (6) variability in transcription start sites in different species of mammals. The observation that virtually all mRNAs are overexpressed in pachytene spermatocytes and round spermatids could be described as quantitative transcriptional promiscuity. This phrase is ®tting in view of evidence discussed below that the transcriptional apparatus in spermatogenic cells seems to be designed for copious transcription, but it is unsuitable because mRNA levels may be strongly in¯u-enced by stability. In addition, the observation that the proteins encoded by many mRNAs are undetectable could be considered either qualitative or quantitative promiscuity, although such transcripts could have important non-coding functions. However, the numbers of active genes and genes with multiple promoters in spermatogenic cells are not known and transcripts of repetitive elements, antisense sequences, pseudogenes and intergenic regions have not been documented in mammalian spermatogenic cells, even though such transcripts are expressed in meiotic cells in Drosophila and amphibia (discussed below).
It is also relevant to note that genetic screens suggest that 1700±2400 genes in Drosophila melanogaster and hydei are mutable to male sterile alleles (Hochstenbach and Hackstein, 2000) . This has been interpreted as evidence that spermatogenesis requires an unusually large number of genes, although I know of no comparisons with the number of genes that are required by somatic cells. About 90% of male sterile mutations do not affect female fertility (Hackstein, 1990 ). Interestingly, many mutations, which affect spermatogenesis in both mammals and Drosophila are pleiotropic and have effects on somatic cells as well (Handel, 1987; Hochstenbach and Hackstein, 2000) . These observations are consistent with at least two hypotheses: (1) an unusually large number of genes is expressed in spermatogenic cells or (2) spermatogenesis is especially sensitive to mutations, perhaps because a high proportion of genes have novel, non-redundant SCS functions.
The following sections discuss the effects of SCS transcription start sites on mRNA translation and the structure and function of SCS isoforms.
SCATs frequently contain sequences that are predicted to inhibit mRNA translation
The transcription start site determines the structure of the 5 H -UTR and many SCS 5 H -UTRs contain features that are predicted to inhibit translation.
Secondary structure and a circular transcript
The Sry gene encodes the testis-determining factor, which directs differentiation of the genital ridge into the testis (Hacker et al., 1995) . A curious, circular Sry SCAT is also produced by alternative transcription start sites and splicing in mouse round spermatids (Capel et al., 1993) . The circular Sry SCAT is thought to be non-translatable because it lacks the 5 H cap and poly(A) tract necessary for the initiation of translation of most mammalian mRNAs (Gallie, 1998) . Unfortunately, the published sucrose gradient analysis of the Sry mRNA exhibits virtually no polysomal protamine 2 mRNA, an mRNA, which normally exhibits 20±30% polysomal mRNA (Cataldo et al., 1999) . Thus, the apparent absence of polysomal Sry mRNA may be an artifact of selective RNA losses during extraction of the gradient fractions.
The 5 H -UTRs of the luteinizing hormone b-subunit, vasopressin, cytochrome c t , b1,4-galactosyltransferase, calspermin and aspartate amino transferase mRNAs are extremely GC-rich, a feature that confers a propensity for secondary structure, a well-known inhibitor of translational initiation and correlates with the low polysomal loading of the ®rst three of these mRNAs in sucrose gradient analyses of extracts of total testis (Foo et al., 1994; Harduin-Lepers et al., 1992; Means et al., 1991; Toussaint et al., 1994; Yiu et al., 1994; Zhang et al., 1995) . Signi®cantly, the GC-rich regions in the calspermin, luteinizing hormone b-subunit, vasopressin, b1,4-galactosyltransferase and aspartate amino transferase SCATs are absent from the transcripts in somatic cells.
Upstream reading frames
Upstream reading frames (uORFs) are potentially another feature of the 5 H -UTR that affects mRNA translation in spermatogenic cells. uORFs are reading frames in which the initiation codon lies between the 5 H cap and the functional translation initiation codon. The observation that translation initiates at the AUG codon closest to the 5 H cap of .90% of mammalian mRNAs indicates that uORFs are relatively rare in somatic cells (Kozak, 1987) . In contrast, many genes that are expressed speci®cally in meiotic and haploid spermatogenic cells contain uORFs, sometimes multiple uORFs, with methionine codons in a strong context for the initiation of translation (discussed below): mouse and human proacrosin mRNAs (Keime et al., 1990; Kremling et al., 1991) , SMCP mRNA in four species of mammals (Aho et al., 1996; Cataldo et al., 1996; Karimpour et al., 1992; Nam et al., 1998b) and human and mouse intraacrosomal SP-10 ). In addition, many SCATs produced by SCS alternative transcription start sites contain uORFs that are absent from transcripts of the same genes in somatic cells: e.g. cytochrome c s , mouse t-OPA (Persengiev and Kilpatrick, 1997) , homeobox Cux-1 (Vanden Heuvel et al., 1996) , DNA methyl transferase I (Mertineit et al., 1998) , mouse and human hexokinase I (Mori et al., 1993 (Mori et al., , 1996 , vasopressin (Foo et al., 1991) , farnesyl pyrophosphate synthetase (Teruya et al., 1990) , luteinizing hormone b-subunit (Zhang et al., 1995) , b1,4-galactosyl transferase (Harduin-Lepers et al., 1992) , mouse and rat proenkephalin , guinea pig seminal vesicle protein (Fautsch et al., 1997) , TBP , c-fer (Fischman et al., 1990) , c-kit (Albanesi et al., 1996; Rossi et al., 1992) and c-mos (Probst et al., 1987) protooncogene SCATs.
The effects of uORFs on mRNA translation are varied and therefore dif®cult to predict. In principle, uORFs reduce the rate of translation of downstream reading frames by decreasing the number of ribosomes that reinitiate at the functional AUG codon (Morris and Geballe, 2000) . A popular oversimpli®cation is that uORFs with initiation codons in a strong context (a purine in the 23 position or a G in the 14 position where the A of the AUG is 11) or a termination downstream of the initiation codon of the functional reading frame, strongly inhibit translation, whereas uORFs in a weak context are much less inhibitory. In reality, the effects of uORFs cannot be predicted from context alone because reinitiation is also affected by the length of the uORF, the position of the termination codon of the uORF upstream or downstream of the initiation codon of the functional reading frame, the number of uORFs, the sequence of amino acids encoded by the uORF, the length and sequence of the segment between the termination codon of the uORF and the initiation codon of the functional reading frame and the cell type or physiological state of the cell in which the mRNA is translated (Morris and Geballe, 2000) . The rate of translation of a single mRNA species can be regulated by both uORFs and sequestration in free-mRNPs because a block to the binding of mRNAs to the 40S ribosomal subunit produces free-mRNPs, while uORFs modulate the frequency of re-initiation of ribosomes at downstream AUG codons after the formation of 80S initiation complexes. Other uORFs activate nonsense mediated mRNA decay, a pathway that eliminates defective transcripts (Morris and Geballe, 2000) .
Are the uORFs in SCS mRNAs a non-speci®c mechanism of limiting protein synthesis or the basis of a mechanism of developmentally regulating protein synthesis? uORFs inhibit translation of farnesyl pyrophosphate synthetase and proenkephalin transcripts in rabbit reticulocyte translation lysates (Rao and Howells, 1993; Teruya et al., 1990 ) and the uORFs in the SCS c-mos 5 H -UTR inhibit translation of reporter genes in NIH3T3 cells (Steel et al., 1996) . Unfortunately, these experiments do not address the possibility that the inhibitory effects of uORFs are neutralized by ef®cient reinitiation in spermatogenic cells. In addition, uORFs do not explain the high levels of proenkephalin free-mRNPs in spermatogenic cells in rats and mice (Garrett et al., 1989; Kew et al., 1989) , since uORFs modulate the reinitiation of ribosomes on downstream reading frames.
The effects of uORFs in somatic cells can be recognized in sucrose gradient analysis as a distinctive pro®le in which translationally active mRNAs sediment with monosomes and very small polysomes (Child et al., 1999; Schleiss et al., 1991) . The uORF-containing mouse c-mos and 6.0 kb DNA methyl transferase I SCATs appear to sediment primarily with single ribosomes and small polysomes (Mertineit et al., 1998; Probst et al., 1987; Trasler et al., 1992) . The analysis of the DNA methyl transferase SCAT is particularly convincing because a 5.2 kb transcript in Sertoli cells that lacks uORFs sediments with large polysomes in the same gradient (Mertineit et al., 1998; Trasler et al., 1992) . In contrast, the mouse proacrosin mRNA, the 1.7 kb cytochrome c s SCAT and the t-OPA mRNA, which contain two or three uORFs headed by initiation codons in a strong context, sediment almost exclusively with freemRNPs and the proportion of polysomal mRNA is too low to determine the ribosome spacing (Cataldo, 1999; Hake et al., 1990; Persengiev and Kilpatrick, 1997) . Evidently, translation of these mRNAs is blocked primarily by sequestration in free-mRNPs. Perhaps, uORFs can also inactivate certain mRNAs in free-mRNPs in spermatogenic cells by an unknown pathway.
Transgenes containing the promoter and 5 H -UTR of mouse proacrosin mRNA and chloramphenicol acetyl transferase (CAT) coding region are transcribed in pachytene spermatocytes and enzymatic activity appears in round spermatids (Nayernia et al., 1992) . However, it is unclear whether the lag in detection of CAT activity is due to uORF-mediated stage-speci®c regulation of reinitiation, slow accumulation due to low polysome loading (Cataldo et al., 1999) and uORF-dependent inhibition of initiation on the CAT reading frame or changes in the proportions of freemRNPs and polysomes. Steel et al. (1996) made an important ®rst step in elucidating the function of the four uORFs in the SCS c-mos 5 H -UTR by studying the effects on the expression of b-galactosidase reporter gene under the control of the constituitive cytomegalovirus promoter in transgenic mice. Interestingly, b-galactosidase is primarily expressed in spermatids when the c-mos 5 H -UTR contains these uORFs and it is primarily expressed in pre-meiotic cells when the four AUG codons in the 5 H -UTR are mutated to AAG. Unfortunately, the expression of the transcripts was not examined, so it is impossible to deduce whether the uORFs affect mRNA levels or translation.
SCS 5
H -UTRs may regulate the timing of translation SCS transcription start sites can create 5 H -UTRs containing cis-acting signals that regulate the developmental translation of mRNAs. The start site of the dihydroorotate SCAT in Drosophila melanogaster primary spermatocytes is located ,100 nt upstream of the site that is utilized in somatic cells (Yang et al., 1995b) . However, detection of dihydroorotate enzymatic activity is delayed until spermatids. The 5 H -UTR extension contains sequences necessary and suf®cient to delay expression of a b-galactosidase reporter to spermatids. A similar situation has been reported for the Cu±Zn superoxide dismutase gene in mice: an upstream promoter produces a SCAT in round spermatids containing 5 H proximal sequences correlated with delaying translational activity until elongated spermatids (Gu et al., 1995b) . A protein that binds to the SCS 5 H -UTR and inhibits translation in vitro has been identi®ed (Gu and Hecht, 1996) . The activity of the cis-acting elements in the Cu± Zn superoxide dismutase 5 H -UTR have not been con®rmed by transgenic analysis and sucrose gradient analyses should be performed to verify the predicted developmental changes in polysome loading of both mRNAs.
In summary, numerous mRNAs in meiotic and haploid spermatogenic cells contain sequences and structures in their 5
H -UTRs that are known to result in inef®cient translation in somatic cells. The predicted effects of these elements are consistent with two hypotheses: the reduction in translational ef®ciency prevents deleterious effects of overproducing proteins encoded by overexpressed mRNAs and inef®cient translation is tolerated because the mRNAs are overexpressed. The SCS 5
H -UTRs of other SCATs appear to contain sequences that regulate the timing of mRNA translation. Unfortunately, the functions of these cis-acting sequences have not been examined by in vivo genetic approaches in mammals, an absolute requirement in such an atypical system. Thus, their effects on translational ef®-ciency and male germ cell development are unknown. At present, protamine 1 mRNA is the only species whose cisacting sequences has been systematically investigated by in vivo genetic approaches (reviewed in Braun, 2000) .
Effects of SCS transcription start sites on protein function
Mammalian spermatogenic cells also express a number of mRNAs that have been considered dysfunctional because they do not encode functional proteins, are surmised to be ectopically expressed, or are translated inef®ciently to produce negligible amounts of protein. Eddy and O'Brien (1998) and Walker et al. (1999) have reviewed evidence that a number of SCATs have important functions in spermatogenesis and I will not repeat their comments here. The discussion below is restricted to three recent reports of SCS isoforms with radically different functions in somatic and spermatogenic cells.
The SCS truncated c-kit
The SCS isoform of protooncogene c-kit is a striking example of a severely truncated protein that raises a priori suspicions that it is non-functional. The c-kit SCAT differs from the transcript in somatic cells because it initiates at a promoter in the 16th intron in round spermatids (Albanesi et al., 1996) . The resulting truncated c-kit cannot function as a transmembrane tyrosine kinase receptor like its somatic counterpart because it is missing the extracellular and trans-membrane domains, the ®rst tyrosine kinase box and the ATP binding site (Albanesi et al., 1996; Rossi et al., 1992) . Sette et al. (1997) reported that the truncated c-kit is localized to the mid-piece of spermatozoa where it enters the egg during fertilization. Interestingly, microinjection of recombinant truncated c-kit parthenogenetically activates oocytes arrested in metaphase II to complete meiosis and undergo cleavage and cortical granule exocytosis. Thus, the truncated c-kit is a candidate for a factor that activates the development of fertilized oocytes, a function that warrants con®rmation by targeted inactivation of the SCS c-kit promoter.
Phospholipid hydroperoxide glutathione peroxidase
The somatic isoform of PHGPx is a cytosolic enzyme that contains a single selenocysteine residue in its active site and reduces peroxidized phospholipids and cholesterol (Flohe et al., 2000) . The Phgpx SCAT in meiotic and haploid spermatogenic cells is transcribed from a start site upstream of the one that is utilized in somatic cells and the extended amino terminus of the SCS isoform contains a mitochondrial targeting signal that directs fusions with green¯uor-escent protein to mitochondria in somatic tissue culture cells (Arai et al., 1999; Pushpa-Rekha et al., 1995) . PHGPx is primarily localized in the mitochondria of spermatocytes, spermatids and spermatozoa (Roveri et al., 1992 (Roveri et al., , 1994 Ursini et al., 1999) . Surprisingly, PHGPx is an enzymatically inactive, insoluble structural protein that is covalently crosslinked in the keratinous mitochondrial capsule of spermatozoa (Ursini et al., 1999) .
Angiotensin converting enzyme
The somatic ACE isoform catalyzes the cleavage of Cterminal dipeptides with important functions in regulating smooth muscle contraction (Bernstein, 1998) . The ACE gene in eutherian mammals has been produced by a tandem duplication of the catalytic domain (Hubert et al., 1991) . Transcription of the ACE gene initiates in the 12th intron in round spermatids in mice, rabbits and humans corresponding to the promoter of the ancestral, non-duplicated gene (Howard et al., 1990; Hubert et al., 1991) . The resulting SCS isoform is about one-half the size of the somatic isoform and it contains only one catalytic domain and ,66 novel amino acids at its amino terminus (Howard et al., 1990) . The SCS isoform is essential for fertilization because male mice in which the somatic and SCS isoforms are disrupted by homologous recombination are infertile (Krege et al., 1995) , whereas mice in which the SCS isoform is expressed and the somatic isoform is disrupted are fertile (Hagaman et al., 1998) .
SCATs encode proteins with SCS intracellular localization signals
SCS transcription start sites are also utilized as a mechanism of generating SCS isoforms with altered intracellular localization signals, presumably related to the highly polarized organization of spermatozoa. The mouse SCS hexokinase I isoform encoded by transcript`sc' lacks the porinbinding domain, a motif that binds hexokinase I to the outer mitochondrial membrane in somatic cells (Mori et al., 1993 (Mori et al., , 1996 . The SCS hexokinase I isoform is localized primarily in the ®brous sheath in spermatozoa, a specialized structure surrounding the¯agellum (Mori et al., 1998; Travis et al., 1998) . As noted above, the somatic PHGPx isoform is cytosolic, whereas the SCS isoform contains a functional mitochondrial targeting signal (Arai et al., 1999; Pushpa-Rekha et al., 1995; Ursini et al., 1999) .
Are SCS transcription start sites conserved?
The notion that transcription in spermatogenic cells is partly random implies that SCS start sites are not conserved. However, the observation that the SCS transcription start sites of ACE and hexokinase I sc transcripts are conserved in several orders of mammals (Howard et al., 1990; Hubert et al., 1991; Kumar et al., 1991; Mori et al., 1996 Mori et al., , 1998 ) is consistent with the idea that these isoforms have functions in fertilization and intracellular localization, respectively. The two alternative start sites of the protein kinase A anchor protein, AKAP82, a major constituent of the ®brous sheath surrounding the sperm¯agellum, are also conserved in mice and humans (Turner et al., 1998) . It is intriguing that mice, humans and macaques transcribe an a-tubulin SCAT in pachytene spermatocytes from a site upstream of the one that is utilized in somatic cells [referred to as Ma4 L in mouse, MT63a in macaque and Ha44 in human (Dobner et al., 1987; Slaughter et al., 1989; Villasante et al., 1986) ]. The Ma4 L SCAT is alternatively spliced, the resulting SCAT lacks the initiator codon of transcripts in somatic cells, the SCAT is predicted to encode a severely truncated protein and to contain multiple upstream open reading frames and the protein is not even detected by Western blots in mouse testis (Gu et al., 1988) . The conservation of the SCS Ma4 L /MT63a/Ha44 a-tubulin promoter is unexpected because conservation usually requires the expression of a protein.
The evidence that transcription start sites are not conserved is relatively scant because few SCS start sites have been rigorously analyzed in multiple orders of mammals. Speci®cally, RT-PCR may fail to detect poorly conserved sequences in distantly related mammals. The hexokinase I gene in both human and mouse generates three transcripts (Mori et al., 1993 (Mori et al., , 1996 (Mori et al., , 1998 . However, the human gene utilizes a single transcription start site, which is alternatively spliced (Mori et al., 1996) , while the mouse gene utilizes three start sites (Mori et al., 1998) . Somatic cells in rats and mice express a 1.4 kB proenkephalin transcript directed by a TATA-dependent promoter, while spermatogenic cells express a 1.7 kB transcript directed by a TATA-independent promoter . In contrast, spermatogenic and somatic cells express a 1.4 kB proenkephalin transcript in both hamsters and human (Kew et al., 1990) . The sizes of the hamster and human proenkephalin mRNAs imply that spermatogenic cells use the TATA-dependent promoter, although the possibility that these species use a TATA-independent promoter is more likely in view of the preference for TATA-independent promoters including the rat and mouse proenkephalin genes . It would also be revealing to analyze the start sites in distantly related mammals of genes encoding SCS isoforms which differ considerably from their somatic counterparts, e.g. calspermin (Means et al., 1991) , proopiomelanocortin (Ivell, 1992) , lamin B 3 (Furukawa and Hotta, 1993) , truncated c-kit (Albanesi et al., 1996) , c-fer (Fischman et al., 1990) or distantly spaced multiple transcription start sites, e.g. TBP and vasopressin (Foo et al., 1994) . The conservation of SCS start sites has not been well documented and should be a standard part of studies of the expression and structure of SCATs.
mRNA levels may be more variable evolutionarily than structures. The levels of mRNAs encoding the SCS isoform of lactate dehydrogenase, LDH-C, are nine-fold higher in mouse than in rat (Salehi-Ashtiani and Goldberg, 1993) and the transition protein 2 and proenkephalin mRNAs are expressed at much lower levels in human than in rodents (Kew et al., 1990; Schluter et al., 1992) . Similarly, the levels of cytoplasmic poly(A) binding protein 1 mRNA are elevated in testes of both humans and mice, although the difference in levels between somatic tissues and testis appears to be less striking in the human than in the mouse (Gu et al., 1995a; Kleene et al., 1994; Yang et al., 1995a) . Presumably, variations in mRNA levels are tolerated because spermatogenic cells are pro®cient at adjusting protein levels post-transcriptionally.
This section argues that evidence is lacking that qualitative transcriptional promiscuity generates transcripts, which encode non-functional proteins. The observation that SCS promoters generate isoforms of ACE, PHGPx and c-kit with functions that are radically different from the functions of the somatic isoforms encoded by the same genes, may imply that spermatogenic cells have a special ability to recruit proteins for novel functions, perhaps comparable to the propensity of lenticular cells to adapt metabolic enzymes and stress proteins for refracting light (Piatigorsky, 1998) . In general, it is dif®cult to make a convincing case that a severely truncated protein is non-functional because it is hard to distinguish whether the function of a peculiar protein is elusive or non-existent. Moreover, truncated proteins can potentially function as inhibitors.
In contrast, there is considerable evidence for mRNA overexpression in pachytene spermatocytes and round spermatids. The observation that the SCS Ma4 L /MT63a/Ha44 a-tubulin start sites are conserved and that the corresponding protein is undetectable in mice also implies that certain mRNAs in spermatogenic cells have non-coding functions. Non-coding polyadenylated RNAs are known to have structural or regulatory functions (Rastinejad et al., 1993; Stuckenholz et al., 1999) and some of the unusual patterns of transcription may be conserved because transcriptional machinery functions in meiosis (discussed below).
Production of SCATs by alternative polyadenylation and splicing
Meiotic and haploid spermatogenic cells exhibit another striking tendency to use polyadenylation sites upstream of those that are used in somatic cells: e.g. aspartate aminotransferase (Toussaint et al., 1994) , b1,4-galactosyltransferase (Shaper et al., 1990) , c-abl (Meijer et al., 1987; Oppi and Shore, 1987) , CREMt (Foulkes et al., 1993) , germ cell nuclear factor (Zhang et al., 1998) , heme oxygenase-2 (McCoubrey et al., 1995) , lamin B3 (Furukawa and Hotta, 1993) , nuclear poly(A) binding protein , protein phosphatase 2Ab (Sasaki et al., 1990 ) and Sp1 transcription factor (Persengiev et al., 1996) . Additional examples are listed in Edwalds-Gilbert et al. (1997) . I know of no SCATs that use a polyadenylation site downstream of the somatic site. In addition, the polyadenylation signals of mRNAs that are expressed in meiotic and haploid spermatogenic cells are much more variable (AACAAA, AAGAAA, TGTAAA, ATATAA, TACAA) than the virtually invariant signal in somatic cells, AATAAA (Wallace et al., 1999) . Wallace et al. (1999) reported that mouse spermatocytes and spermatids express a SCS poly(A) site cleavage stimulation factor that could in¯uence the usage of non-consensus poly(A) signals. However, it should be noted that the cleavage stimulation factor binds to a GU-rich element in the 3 H anking region instead of the polyadenylation signal. The somatic cleavage stimulation factor gene is X-linked and is thus a somatic isoform that is depleted by inactivation of Xchromosome transcription during male meiosis (Wallace et al., 1999) . The choice of poly(A) signals is potentially stagespeci®c, since spermatogonia express the somatic isoform, meiotic cells express the SCS isoform and haploid cells express both isoforms (Wallace et al., 1999) .
Upstream SCS polyadenylation sites may be a mechanism of eliminating or altering the position of 3 H -UTR elements that regulate mRNA translation, stability or localization in somatic and spermatogenic cells. The high levels of c-abl and CREMt SCATs in round spermatids have been attributed to increased mRNA stability resulting from usage of an upstream polyadenylation sites that eliminate putative instability elements proximal to the 3 H end of these mRNAs in somatic cells (Foulkes et al., 1993; Meijer et al., 1987) . Unfortunately, it is unclear whether the stability is a special feature of the c-abl and CREMt mRNAs or a general feature of all mRNAs. In vivo genetic experiments would be valuable to assess whether the destabilizing elements in the somatic c-abl and CREMt transcripts are functional in spermatogenic cells.
mRNAs in spermatogenic cells also appear to undergo changes in poly(A) tail length during two major developmental transitions. The ®rst is a lengthening of poly(A) tails on the pro-opiomelanocortin, LDH-C, Hoxa-4, laminin receptor and cation-dependent mannose-6-phosphate receptor mRNAs, which accompanies the transition of pachytene spermatocytes to round spermatids (Kilpatrick et al., 1987; Fujimoto et al., 1988; Fulcher et al., 1993; Viviano et al., 1993; O'Brien et al., 1994) . The related observation that the proportion of poly(A) in total cytoplasmic RNA in round spermatids is nearly two-fold greater than in pachytene spermatocytes could be explained by either global increases in poly(A) length, the total mRNA mass, or both (Kleene et al., 1983) . The second change in poly(A) length is correlated with changes in translational activity during spermiogenesis. The transition protein 1 and 2, protamine 1 and 2, Smcp, outer dense ®ber protein 1 free-mRNPs in round spermatids have homogenous poly(A) tracts about 150 bases. In elongated spermatids, the mRNAs in freemRNPs retain long homogenous poly(A) tracts, while poly(A) tails on translationally active mRNAs are shortened heterogenously to about 30±150 nt (Kleene, 1989; Burmeister and Hoyer-Fender, 1996) .
The function of these poly(A) size changes is unknown. Poly(A) augments mRNA translational initiation and stability in eukaryotic cells (Gallie, 1998) . However, the increase in poly(A) length on the LDH-C mRNA in round spermatids occurs on both translationally active and inactive mRNAs and is not accompanied by increased polysomal loading (Fujimoto et al., 1988) . Conceivably, poly(A) lengthening is associated with unidenti®ed 3 H -UTR elements and is required for post-meiotic stability. The poly(A) shortening on polysomal mRNAs in elongated spermatids is puzzling because cytoplasmic increases in poly(A) length are a mechanism of activating translation in invertebrate and vertebrate oocytes, Drosophila spermatids and mouse brain (reviewed in Richter, 1999; Schafer et al., 1990) . There is no evidence indicating whether poly(A) shortening on polysomal mRNAs in elongated spermatids is a cause or a consequence of translation or an intermediate step in mRNA degradation.
Alternative splicing also produces a number of SCATs in meiotic and haploid and spermatogenic cells including CREMt, Hoxa-4 and DNA ligase III (Foulkes et al., 1992; Mackey et al., 1997; Viviano et al., 1993; reviewed in Venables and Epheron, 1999; Walker et al., 1999) . While it is evident that alternative splicing is an important mechanism of regulating the structure and developmental expression of proteins in spermatogenic cells, some reports of alternative splicing in spermatogenic cells are based on evidence that cDNA clones contain 5 H proximal cDNA sequences that are absent from the corresponding cDNAs in somatic cells, without analysis of the transcription start sites by S1 mapping or primer extension, e.g. c-fer and lamin B 3 (Fischman et al., 1990; Furukawa and Hotta, 1993) . However, since cDNAs frequently lack the 5 H proximal sequences of mRNAs, it is impossible to deduce whether the SCS splicing is a consequence of an SCS transcription start sites or alternative splicing in the interior of a transcript with no difference in start site. This raises an important question concerning the relative number of SCATs that are produced by the speci®city of the transcriptional and splicing apparatuses.
2.9. mRNA levels and rates of transcription in meiotic and haploid spermatogenic cells What features of spermatogenesis require widespread alterations in transcriptional and post-transcriptional control? Eddy and O'Brien (1998) and Walker et al. (1999) have argued persuasively that the complexity of spermatogenesis requires developmental changes in gene expression at the transcriptional and post-transcriptional levels. However, the complexity of spermatogenesis does not provide a compelling rationale for the widespread inef®cient translation in pachytene spermatocytes, a stage when translation of few mRNAs is developmentally regulated. Evidence is reviewed below suggesting that the high levels of free-mRNPs accompany changes in the transcriptional machinery and increases in concentration of cytoplasmic poly(A) 1 RNA.
2.9.1. High mRNA levels in pachytene spermatocytes and round spermatids Measurements of poly(A) levels by hybridizing cytoplasmic RNA to [ 3 H]-poly(U) and digestion with RNase A provide further evidence for mRNA overexpression in pachytene spermatocytes and round spermatids. The proportion of poly(A) in cytoplasmic RNA in pachytene spermatocytes is approximately three-to six-fold higher than in liver and Sertoli cells (Kleene et al., 1983) . In fact, the proportion of poly(A) in cytoplasmic RNA from pachytene spermatocytes and round spermatids, 10.8 vs 6.3 ng poly(A)/ug cytoplasmic RNA, respectively, is extraordinarily high considering that 1% of cytoplasmic RNA is thought to be poly(A) 1 mRNA in some somatic cells. In addition, Morales and Hecht (1994) observed by quantitative in situ hybridization using a [ 3 H]-poly(U) probe that the levels of poly(A) are similar in the cytoplasm of pachytene spermatocytes and round spermatids and higher than in the cytoplasm of Sertoli cells, Leydig cells, spermatogonia, leptotene and zygotene spermatocytes and elongated spermatids. Since the measurements of poly(A) size using RNase H and oligo(dT) mentioned above concur that mRNAs in pachytene spermatocytes have short poly(A) tails, it is unlikely that high levels of poly(A) are explained by long poly(A) tails, implying that the mass of poly(A) 1 mRNA is elevated. In contrast, the observation that the fraction of poly(A) in cytoplasmic RNA of round spermatids is nearly two-fold greater than in pachytene spermatocytes (Kleene et al., 1983) , is potentially explained by global differences in poly(A) size based on RNase H/oligo(dT) measurements of ®ve mRNAs. A possible reason why Morales and Hecht (1994) failed to observe a difference in poly(A) levels in round spermatids and pachytene sperma-tocytes is that their in situ hybribidizations were not treated with RNase. Consequently, the amount of [ 3 H]-poly(U) hybridized may re¯ect the number of poly(A) tails independent of poly(A) length. (Kierszenbaum and Tres, 1974; Monesi, 1965) . Furthermore, the difference in incorporation of [ 3 H]-uridine in short pulses into middle pachytene spermatocytes and round spermatids is too great, ,10-fold, to be explained by the four-fold difference in DNA content of meiotic and haploid cells (Kierszenbaum and Tres, 1974; Monesi, 1971) . Autoradiographic studies also show that the rate of incorporation of [ 3 H]-uridine in cultured human seminiferous tubules is maximal in middle pachytene spermatocytes (Tres and Kierszenbaum, 1977) . The [ 3 H]-uridine incorporated by pachytene spermatocytes is perichromosomal, implying that the nascent RNAs are premRNA rather than ribosomal RNA (Kierszenbaum and Tres, 1974; Tres and Kierszenbaum, 1977) . The observation that the incorporation of [ 3 H]-uridine in Sertoli cells is greater than in middle pachytene spermatocytes (Kierszenbaum and Tres, 1974 ) is inconsistent with the lower level of poly(A) in cytoplasmic RNA in Sertoli cells (Kleene et al., 1983; Morales and Hecht, 1994) . Possibly, the uptake of intratesticularly injected [ 3 H]-uridine by spermatogenic cells is inhibited by the blood±testis barrier formed by Sertoli cells. There is anecdotal evidence from electron microscopic visualization of transcription that the nascent RNA ®brils in transcription units in pachytene spermatocytes are more closely spaced than in round spermatids, implying that transcription initiates faster in meiotic cells than in haploid cells (Kierszenbaum and Tres, 1975) . Geremia et al. (1977) reported that the rate of incorporation of [ 3 H]-uridine into RNA by puri®ed pachytene spermatocytes and round spermatids was equivalent after corrections for differences in DNA content in each cell type and the speci®c activity of the precursor pool by thè pool expansion method'. While this is the most rigorous comparison of rates of RNA transcription in spermatogenic cells in the literature, the results have never been con®rmed, measurements RNA synthesis are technically dif®cult and there are special problems in measuring rates of RNA synthesis in puri®ed spermatogenic cells. Thus, there is con¯ict-ing evidence that the rate of transcription in mammalian pachytene spermatocytes is unusually high, but the idea deserves serious consideration in view of the high levels of poly(A) RNA documented above and the status of the transcriptional apparatus described below.
Interestingly, the level of poly(A) is about 1.5-fold greater in the nuclei than in the cytoplasm of pachytene spermatocytes (Morales and Hecht, 1994) . Perhaps, this is related to the observation that heterogenous nuclear RNA in pachytene spermatocytes is much more stable and remains associated with chromosomes for longer periods than in somatic cells (Geremia et al., 1977; Kierszenbaum and Tres, 1974; Monesi, 1965) .
2.9.3. Non-coding polyadenylated mRNAs in nonmammalian meiotic cells
Meiotic cells in other animals are also highly active in transcribing RNAs that are not used to synthesize proteins. The lampbrush chromosomes in amphibian oocytes are organized into several thousand decondensed loops containing transcription units that exhibit closely spaced RNP ®brils consistent with the maximum rate of transcriptional initiation (reviewed by Callan, 1986) . It is common knowledge that large amounts of translationally inert maternal mRNA are stored in oocytes for translation in early development, but it is less well known that ,50±67% of polyadenylated RNAs in Xenopus and sea urchin oocytes do not encode functional proteins because the RNAs are incompletely processed and contain repetitive elements (Anderson et al., 1982; Costantini et al., 1977; Richter et al., 1984) . In addition, some amphibian lampbrush chromosome transcripts are generated by transcriptional read-through or transcription of both strands of satellite DNA (Diaz et al., 1981; Diaz and Gall, 1985) .
The Y-chromosome in Drosophila melanogaster and hydei spermatocytes also contain lampbrush chromosomes with maximally active transcription units. Although genes on the Drosophila Y-chromosome are necessary to produce functional sperm, the transcription units include repetitive sequences, antisense transcripts, pseudogenes and intergenic regions that do not code for protein (Akhmanova et al., 1997; Hochstenbach et al., 1996) and only one encodes a functional protein, a large b-dynein subunit (Reugels et al., 2000) . Thus, mammalian and Drosophila spermatocytes and amphibian and sea urchin oocytes all transcribe polyadenylated RNAs that are not utilized in protein synthesis, although the nature of the transcripts differ.
Status of the transcriptional machinery in rodent pachytene spermatocytes
The transcriptional machinery in rodent pachytene spermatocytes seems to be designed for elevated transcriptional activity. The acetylation of histones H3 and H4 in pachytene spermatocytes and round spermatids in rats (Grimes and Henderson, 1983 ) is signi®cant because histone acetylation has been implicated in activating transcription by making DNA accessible by opening chromatin conformation (Struhl, 1998) . This is followed by a second round of histone acetylation in elongating spermatids, which parallels the cessation of transcriptional activity in the early stages of histone replacement (Grimes and Henderson, 1983) . In addition, chromatin in middle pachytene spermatocytes is unusual because it contains high levels of the histones H1t and H1a (Meistrich, 1989) , the two members of the histone H1 family, which most strongly favor an open chromatin conformation (De Lucia et al., 1994; Khadake and Rao, 1995; Rao et al., 1983) . Furthermore, the nucleosomes in pachytene spermatocytes contain several testis-speci®c histones, TH2A, TH2B and TH3 (Meistrich, 1989) , which are correlated with decreased compactness and weaker DNA±histone interactions of the nucleosomal core particles (Rao et al., 1983) . These changes in basic chromosomal structural proteins and histone acetylation actually appear to be associated with increased DNA accessibility because chromatin in pachytene spermatocytes is more sensitive to digestion with DNase I than it is in somatic cells (McPherson and Longo, 1992; Raman et al., 1988; Rao et al., 1983; Rao and Rao, 1987) . Interestingly, the chromosomes are decondensed and histone H1 is absent in Drosophila spermatocytes (Kremer et al., 1986) .
Another factor is that many genes are methylated or demethylated in spermatogonia, spermatocytes and spermatids (reviewed by Trasler, 1998) , although decreases in methylation appear to predominate at the global level (Del Mazo et al., 1993) . Demethylation of 5
H¯a nking CpG islands of genes is often correlated with transcriptional activity whereas methylation is correlated with transcriptional inactivity. A substantial number of genes have now been identi®ed in which the CpG islands are hypomethylated and the genes are transcriptionally active in meiotic spermatogenic cells and hypermethylated and transcriptionally inactive in somatic cells: LDH-C, pyruvate dehydrogenase E1a2, phosphoglycerate kinase 2, a metallothionein 1-LDH-C cDNA transgene, a cytomegalovirus promoter-insulin-like growth factor transgene, melanoma antigenic epitope and testis-speci®c histones H2BT and H1t (Bonny and Goldberg, 1995; Choi and Chae, 1991; DeSmet et al., 1999; Dyck et al., 1999; Ianello et al., 1997; Singal et al., 2000; Zhang et al., 1999) . In addition, numerous transcription factors are expressed speci®cally, or at unusually high levels, in meiotic and haploid spermatogenic cells (listed in Eddy and O'Brien, 1998; Liu et al., 2000) , one of which, PACH1, binds to the SCS proenkephalin promoter (Liu et al., 2000) . However, the high levels of the large subunit of RNA polymerase II, TBP and TFIID in round spermatids are puzzling (Schmidt and Schibler, 1995) because the rate of transcription in round spermatids does not appear to be greater than in pachytene spermatocytes and meiotic and haploid spermatogenic cells typically use TATA-independent promoters. It is tempting to speculate that two characteristic features of transcription in spermatogenic cells, distantly spaced multiple start sites and short proximal promoters, re¯ect elongated open chromatin domains and a plethora of transcription factors, respectively.
2.9.5. The transcriptional apparatus functions in transcription, recombination and chromosome pairing during meiosis A large literature indicates that the transcriptional apparatus functions in meiosis in addition to generating proteincoding transcripts. Access to chromosomal DNA is necessary for several key processes in meiosis: the generation of double strand DNA breaks, the progressive pairing and alignment resulting in the synapsis of homologous chromosomes and recombination (reviewed by McKee, 1998) . Recombination`hot spots' in yeast, sites that exhibit a high frequency of recombination, coincide with promoters and open chromatin regions that are hypersensitive to digestion with DNAse I and micococcal nuclease (White et al., 1993) . The hot spot in the mouse EB locus contains DNase I-hypersensitive sites and a transcriptional enhancer (Ling et al., 1993; Shenkar et al., 1991) . McKee and Handel (1993) have reviewed correlations between chromatin conformation, recombination and transcriptional activity of the sex chromosomes in mammals and insects. Jones et al. (1997) have demonstrated that the chromosomal density of genes corresponding to testicular expressed sequence tags correlates with the frequency of recombination in males. The pairing of the X and Y chromosomes in Drosophila is mediated by a 240-bp sequence containing a RNA polymerase I ribosomal RNA promoter (Ren et al., 1998) and the strong element for chromosome 2 pairing is a repeated histone gene-cluster (McKee, 1998) . Mutation of critical bases in the rRNA promoter abolishes X±Y pairing implying that transcription is coupled to pairing (Ren et al., 1998) . Models have been proposed in which transcription factors and/or nascent transcripts facilitate the pairing and synapsis of homologs, a necessity to prevent non-disjunction (McKee, 1998) . The observation that histone acetylation potentiates site-speci®c V(D)J recombination in the generation of immunoglobin diversity (Roth and Roth, 2000) emphasizes that meiosis and transcription use similar strategies to access to speci®c DNA sequences.
The unusual patterns of transcription and open chromatin have been proposed to function in male meiosis (Rao and Rao, 1987; Ewulou and Schimenti, 1997; Cook, 1997) . An obvious problem is that the atypical patterns of gene expression in middle pachytene spermatocytes are observed several days after recombination and synapsis begin in leptotene and zygotene spermatocytes (Zickler and Kleckner, 1998) . However, at least some of the atypical patterns of gene expression in pachytene spermatocytes are present in early meiotic cells. Sucrose gradients show that three mRNA species in puri®ed leptotene/zygotene spermatocytes exhibit low polysomal loading (Alcivar et al., 1991 , although it is possible that this is an artifact of cell damage. In addition, the transcripts encoding a series of SCS isoforms are detectable in leptotene/zygotene spermatocytes: heat shock protein 70.2, LDH-C, phosphoglycerate kinase 2, cytochrome c t and pyruvate dehydrogenase E1a2 (Thomas et al., 1990; Robinson and Simon, 1991; Rosario et al., 1992; Hess et al., 1993) . The mRNAs encoding histone H1t and three isoforms of Y-box proteins are expressed at low levels in pre-pubertal testes containing early meiotic cells (Drabent et al., 1998; Mastrangelo and Kleene, 2000) . Conceivably, an open chromatin conformation initiates recombination and synapsis in leptotene/zygotene spermatocytes and mRNAs become overexpressed in pachytene spermatocytes to maintain chromosome pairing.
Evolutionary forces affecting gene expression in spermatogenesis
The patterns of gene expression in spermatogenesis need to be understood in relation to the powerful evolutionary forces that in¯uence reproductive ®tness of spermatozoa. Unfortunately, the nature and magnitude of these forces are dif®cult to assess because they are the consequence of complex trade-offs between genetic, cellular and organismal factors.
Several distinctive features of gene expression in spermatogenic cells can be explained by functions in enhancing motility because one sperm in a hundred million fertilizes the egg. For example, the intimate association of the mitochondrial sheath and SCS isoforms of enzymes involved in energy metabolism with the¯agellum (e.g. hexokinase I and glyceraldehyde-3-phosphate dehydrogenase 2) may facilitate supplying ATP to the¯agellum (Bunch et al., 1998; Mori et al., 1998) , while elimination of the spermatid cytoplasm and the reduction in nuclear volume by packaging DNA with protamines decrease hydrodynamic resistance (Allen et al., 1996) .
Gene expression is also in¯uenced by processes that are unique to developing male germ cells. For example, the inactivation of transcription of the X-chromosome in male meiosis leads to the depletion of somatic isoforms. This creates conditions that select for autosomal genes (often retroposons) that replace the functions of X-linked genes (McCarrey and Thomas, 1987) . However, the SCS replacements are free to evolve new functions. The SCS polyadenylation Csf is paralogous to an X-linked gene, but this factor is also potentially responsible for truncation of the 3 H -UTR and changes in post-transcriptional regulation of many mRNAs. The atypical importance of post-transcriptional gene regulation in spermatogenic cells may select for novel RNA-binding proteins such as two independently created functional retroposons encoding SCS poly(A) binding proteins derived from an autosomal paralog (Kleene et al., 1998; Feral et al., 2001 ). Another possibility is that the atypical patterns of expression resulting from SCS transcription start sites and overexpression facilitate creating new functions (Kleene et al., 1998) .
Conclusions and perspectives
This review suggests that transcriptional changes during meiosis and late spermiogenesis impose a requirement for translational regulation. This period begins with changes in chromatin conformation, demethylation and synthesis of transcription factors in meiosis leading to mRNA overexpression and is followed by the transcription of numerous mRNAs in round spermatids that are translationally repressed to direct the synthesis of certain proteins to transcriptionally inert elongated spermatids. Consequently, the patterns of gene expression in meiotic and early haploid cells rely heavily on post-transcriptional control because transcription is quantitatively imprecise in spermatocytes and round spermatids and inactive in elongated spermatids. Low polysomal loading is clearly an important mechanism of regulating protein levels to compensate for the profound changes in transcriptional regulation, although protein instability and other mechanisms are presumably used as well. I speculate that genes are overexpressed in meiosis in order to facilitate recombination and chromosome pairing and that inef®cient translation co-evolved to prevent overproduction of proteins. I also suggest that the patterns of gene expression at the transcriptional and translational levels are similar in round spermatids and pachytene spermatocytes because the cessation of transcription in elongating spermatids necessitates mRNA overexpression to ensure that mRNA levels are suf®cient to complete spermiogenesis. This hypothesis potentially provides a uni®ed explanation for a host of atypical features of gene expression in pachytene spermatocytes and round spermatids: SCS histone isoforms, histone acetylation, increased transcriptional activity, high levels of nuclear and cytoplasmic poly(A) 1 RNA and the widespread translational repression.
This hypothesis predicts that SCS histones, demethylases, histone acetylases and Y-box proteins have critical functions in meiotic and haploid spermatogenic cells. The demethylases and histone acetylase(s) that function in pachytene spermatocytes have not been identi®ed. Targeted inactivation of the appropriate testis-speci®c histone isoforms, acetylase or demethylase could decrease the rate of transcription, the frequency of multiple transcription start sites, the levels and extent of translational repression of many mRNAs and/or the DNase I sensitivity of chromatin in pachytene spermatocytes. Deletion of the histone H1t gene does not impair fertility or the replacement of histones by protamines and transition proteins (Drabent et al., 2000; Lin et al., 2000) , but the effects on mRNA levels, SCS transcription start sites, chromosome pairing, recombination and other meiotic phenomena were not examined.
The effects of targeted deletion of Y-box protein genes may be dramatic. As transcriptional activators and translational repressors, Y-box proteins could be instrumental in both creating and preventing the deleterious consequences of mRNA overproduction. In addition, the capacity of Ybox proteins to destabilize double-stranded DNA may facilitate meiotic recombination Evdokimova and Ovchinnikov, 1999) . Interpreting the phenotypes of gene knockouts in spermatogenic cells is complicated by two factors: the redundancy of factors that generate the atypical patterns of gene expression in meiotic cells is unknown and interference with meiosis may activate apoptotic pathways that eliminate defective spermatogenic cells (Braun, 1998; Print and Loveland, 2000) .
